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Mastitis, an inflammatory response of mammary glands to invading bacteria, is one of the most economically
costly diseases affecting dairy animals. E. coli can introduced as a major etiological agent of bovine mastitis in
wellmanaged dairy farms. It is of great significance to understand the regulatory mechanisms by which the
disease can be controlled. High-throughput technologies combined with novel computational systems
biology tools have provided new opportunities for better understanding the molecular mechanisms that
underlie disease. In the current study, the results of microarray meta-analysis research were used to perform a
network analysis to potentially identify molecular mechanisms that regulate gene expression profile in
response to E. coli mastitis. In our result, transcription factors, TP53, SP1, ligands, INS, IFNG, EGF, and
protein kinases, MAPK1, MAPK14, AKT1, were identified as the key upstream regulators whereas protein
kinases, MAPK3, MAPK8, MAPK14, ligands, VEGFA, IL10, an extracellular protein, MMP2, and a
mitochondrial membrane protein, BCL2, were identified as the key downstream targets of differentially
expressed genes. The results of this research revealed important genes that have the key functions in immune
response, inflammation or mastitis which can provide the basis for strategies to improve the diagnosis and
treatment of mastitis in dairy cows.
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Mastitis, an inflammatory response of mammary glands to invading bacteria, is one of the most economically costly 
diseases affecting dairy animals. E. coli can introduced as a major etiological agent of bovine mastitis in well-
managed dairy farms. It is of great significance to understand the regulatory mechanisms by which the disease can 
be controlled. High-throughput technologies combined with novel computational systems biology tools have 
provided new opportunities for better understanding the molecular mechanisms that underlie disease. In the current 
study, the results of microarray meta-analysis research were used to perform a network analysis to potentially 
identify molecular mechanisms that regulate gene expression profile in response to E. coli mastitis. In our result, 
transcription factors, TP53, SP1, ligands, INS, IFNG, EGF, and protein kinases, MAPK1, MAPK14, AKT1, were 
identified as the key upstream regulators whereas protein kinases, MAPK3, MAPK8, MAPK14, ligands, VEGFA, 
IL10, an extracellular protein, MMP2, and a mitochondrial membrane protein, BCL2, were identified as the key 
downstream targets of differentially expressed genes. The results of this research revealed important genes that have 
the key functions in immune response, inflammation or mastitis which can provide the basis for strategies to 
improve the diagnosis and treatment of mastitis in dairy cows.  
Keywords:  Dairy cattle, Escherichia coli, Functional genomics, Gene network, System biology, Transcriptome.  
 
1. INTRODUCTION  
It is of great significance to understand the regulatory mechanisms by which the disease can be controlled. Novel 
computational systems biology tools such as the discovery of pathways based on enrichment analysis, upstream 
regulator or downstream targets discovery, meta-analysis, machine learning and pattern recognition, have provided 
new opportunities to understand the molecular mechanisms of diseases and system biology (Alanazi and Ebrahimie 
2016; Kargarfard et al. 2015; Sharifi et al. 2018; Subramanian et al. 2005). This knowledge could lead to improve 
the diagnosis and treatment of different diseases and provide the mechanistic insights into host resistance in an 
efficient way.  
Mastitis, the inflammatory response of mammary glands to invading bacteria, is one of the most economically 
important diseases affecting dairy animals (Bar et al. 2008; Hogeveen et al. 2011). Mastitis control programs based 
on milking time hygiene, antibiotic therapy, and culling of persistently infected cows has impacted the prevalence of 
contagious mastitis pathogens, such as Staphylococcus aureus and Streptococcus agalactiae in various regions. 
However, these procedures have had a marginal effect on environmental pathogens such as E. coli. Thus, 
environmental mastitis pathogens have become a major etiological agent of bovine mastitis in well-managed dairy 
farms (Bradley 2002; Hogan and Larry Smith 2003). E. coli infection causes acute inflammation with clinical signs 
in dairy cows, which however may be self-healing by eventually eradicating the invader, are occasionally fatal 
(Bannerman et al. 2004; Burvenich et al. 2007; Hagiwara et al. 2016). More recently, numerous studies have 
analyzed the transcriptome profile of the bovine mammary gland in response to infection (Rinaldi et al. 2010; Sipka 
et al. 2014; Younis et al. 2016). Such tests allow for the identification of biomarkers, disease-causing genes, gene 
expression profiles, and provide an understanding of complex molecular mechanisms in cell physiology and 
pathology, which help to improve diagnosis, prognosis, and monitoring of responses to therapy. Meta-analysis is a 
relatively inexpensive option that has the potential to increase the statistical power and generalizability of single-
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study analysis. Furthermore, it can bypass challenges associated with individual variations, such as a small number 
of samples and strengthen the mildest data perturbations (Mimoso et al. 2014; Ramasamy et al. 2008; Sharifi et al. 
2018). In the previous meta-analysis studies, a common transcriptional response in the mammary glands of several 
species to different pathogens was identified. Moreover, several new pathways were distinguished, which not 
previously identified in the individual studies (Genini et al. 2011) and comprehensively investigated differences in 
transcriptional responses between different agents of induced mastitis (Younis et al. 2016). In our previous meta-
analysis study of mastitis gene expression data, two data mining tools, meta-analysis, and machine learning were 
integrated to provide an opportunity to identify important genes that had a robust bio-signature and thereby may be 
good biomarker candidates in response to E. coli mastitis (Sharifi et al. 2018). Here, to have a better understanding 
of the molecular mechanisms that underlie the results achieved from our previous research, we designed a study to 
identify the key regulators and targets of transcriptomic response in E. coli mastitis. In the systems biology, the 
common regulators and down-stream target discovery based on enrichment analysis approach are reliable 
approaches to obtain a comprehensive view of the molecular mechanisms, so that a specific transcriptome and 
proteome profile can promote (Alanazi and Ebrahimie 2016; Bakhtiarizadeh et al. 2013). This study has provided a 
comprehensive insight into mastitis disease based on computational systems biology. 
 
2. MATERIALS AND METHOD  
2.1.  Differentially expressed genes achieved from the meta-analysis 
The expression profile of the bovine mammary gland in response to E. coli infection from 6 independent 
microarray-based studies have been previously studied (Sharifi et al. 2018). In brief, 130 mammary gland samples 
(57 healthy and 73 infected) from 15 datasets in 6 studies were included in the differential gene expression analysis. 
After quality control and quartile normalization and summarization of each dataset by RMA, the gene expression 
levels from mastitis and healthy samples in each dataset were compared using a moderated Student’s t-test. The p-
values of each dataset were combined with the rth ordered p-value (rOP) meta-analysis method. The eight hundred 
and eighty-five genes were identified as differentially expressed genes introduced by meta-analysis (meta-genes), 
from which 16 % (143 genes) were down-regulated and 84 % (742 genes) were up-regulated (one-tailed, q<0.005) 
(additional data are given in Online Resource 1).  
2.2. Common Targets and Common Regulators Algorithms 
Meta-genes were used as the input of Common Targets and Common Regulators algorithms. The Common 
Regulators algorithm were used to identify the gene regulators that have the highest number of regulation/expression 
relationships/ miRNA effect and promoter binding with meta-genes. In contrast, the Common Targets algorithm was 
used to identify the targets and molecular mechanisms that are activated/inactivated by the altered expression of 
meta-genes (Alanazi and Ebrahimie 2016; Gholizadeh-Ghaleh Aziz et al. 2016; Panahi et al. 2015). Pathway Studio 
web tool 12.0.1.5  was used to identify the key targets and the key regulators, as previously described (Alanazi and 
Ebrahimie 2016; Gholizadeh-Ghaleh Aziz et al. 2016; Panahi et al. 2015). Pathway Studio is a pathway analysis tool 
that utilizes the ResNet Mammal database, which incorporates a number of public and commercial databases such as 
KEGG (Kanehisa 2008), BIND (Bader et al. 2003), and GO (Ashburner et al. 2000) and to obtain the latest 
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information from PubMed and other public sources use the powerful text-mining tool MedScan (Elsevier-Ariadne 
Genomics, Rockville, MD) (Nikitin et al. 2003). Gene networks were constructed using the proteins and complexes 
as an entity, while gene expression, miRNA effect, promoter binding, and regulation were selected as relation types. 
For a component to be identified as a key regulator or key target, it had to have a high number of upstream or 
downstream interactions with meta-genes respectively. After testing different values, a threshold of 70 interactions 
for Common Regulators and 60 interaction for Common Targets algorithms were selected. For more confidence, all 
relationships that were reported in more than 5 references were selected. To find more effective and specific key 
regulators or targets, components which commonly present in many biological processes or networks were removed 
from the analysis. For this purpose, 20 randomized gene collections with 885 genes (number of meta-genes) from 
the Affymetrix bovine GeneChipTM platform ("http://www.affymetrix.com/index.affx" Accessed February 2016) 
were selected and the whole process in drawing networks was performed on them. Then the genes which were 
identified as key regulators or key targets in these random sets were removed from the original networks. In the last 
network, effective and specific key regulators and targets that had a roll in mastitis were more clearly identified. 
 
3. RESULTS 
3.1. Key regulators of differentially expressed meta-genes in E. coli mastitis  
The network constructed by the Common Regulators algorithm based on the 885 meta-genes after removal of 
components that were identified by analysis of random gene collections is presented in Fig. 1. 
 
Fig. 1 Regulator discovery of differentially expressed genes achieved from meta-analysis in the course of E. coli 
mastitis based on common regulator algorithm with interaction threshold of 70. Up-regulated genes are presented as 
red highlighted nodes and down-regulated gene are denoted  as green nodes 
 
 Eight genes that were determined as the key upstream regulators, with a high number of regulatory interactions 
(with at least 70 downstream interactions) on the meta-genes, are listed in Table 1. All of the relationships and 













Table 1 Key gene regulators for meta-genes in E. coli mastitis based on Common Regulators algorithm with the 
interaction threshold of 70 
Gene symbol Full gene name Functional group Cellular component 
MAPK1 Mitogen-activated protein kinase Protein kinase Cytoplasm, cytoskeleton, 
spindle 
TP53 (p53) Tumor protein p53 Transcription factor Cytoplasm 
SP1 Sp1 transcription factor Transcription factor Nucleus 




INS Insulin Ligand Secreted 
EGF Epidermal growth factor Ligand Membrane 
AKT1 AKT serine/threonine kinase 1 Protein kinase Cytoplasm 
IFNG Interferon gamma Ligand Secreted 
 
3.2. Key down-stream targets of meta-genes in E. coli mastitis  
The network constructed by the Common Targets algorithm is presented in Fig. 2.  
 
Fig. 2 Targets of differentially expressed genes achieved from meta-analysis in the course of E. coli mastitis based 
on common target algorithm with interaction threshold of 60. Up-regulated genes are presented as red highlighted 
nodes and down-regulated gene are denoted  as green nodes 
 
All the relationships and underlying references of these networks are presented in additional data are given in Online 
Resource 3. Seven genes that showed a high number of interactions (with at least 60 downstream interactions) 
regulated by meta-genes were identified as the key downstream targets and are listed in Table 2.  
 
Table 2 Key targets genes of meta-genes in E. coli mastitis based on Common Target algorithm with the 
interaction threshold of 60 
Gene symbol Full gene name Functional group Cellular component 
MAPK3 Mitogen-activated protein kinase 3  Protein kinase Cytoplasm 
MAPK8 Mitogen-activated protein kinase 8  Protein kinase Cytoplasm 
VEGFA Vascular endothelial growth factor A  Ligand Secreted 
MMP2 Matrix metallopeptidase 2 
 
Secreted, extracellular space, 
extracellular matrix 
BCL2 BCL2, apoptosis regulator Mitochondrion outer membrane 
MAPK14 Mitogen-activated protein kinase 14 Protein kinase Cytoplasm 




Eight key common regulators that identified based on network analysis are listed in Table 1. Transcription factors 
including TP53 and SP1, ligands such as INS, IFNG, EGF and protein kinases MAPK1, MAPK14 and AKT1 were 
identified as key regulators as they exhibited most regulatory relations with meta-genes (see S2 Table for more 
details about all relations and references). The first regulator, TP53 (P53) transcription factor, acts through 
suppression of NF-κB and thereby serving as a negative regulator of inflammation by “buffering” innate immune 
responses (Cooks et al. 2013; Gudkov et al. 2011). It has been investigated that the LPS challenge induced changes 
in liver lipid composition, systemic inflammation (rise of blood ceruloplasmin and bilirubin), and activation of the 
p53 signaling pathway and suggested that the up-regulation of this transcription factor is a quick response by the 
liver to maintain homeostasis (Minuti et al. 2015).  
SP1, another identified key regulator, is the founding member of the Sp transcription factor family. Members of this 
family contain C2H2-type zinc fingers (Black et al. 2001). Investigations have revealed that this transcription factor 
both activates and suppresses the expression of a number of essential oncogenes and tumor suppressors, as well as 
genes involved in essential cellular functions, including proliferation, differentiation, the DNA damage response and 
apoptosis (Beishline and Azizkhan-Clifford 2015). Previous studies that have investigated the decreased 
inflammatory signaling observed in response to non-steroidal anti-inflammatory drugs (NSAID) treatment have 
shown that this decreased response is associated with decreased Sp1 protein levels, as well as in Sp1-dependent 
transcriptional activity (Abdelrahim and Safe 2005; Pan and Hung 2002; Pathi et al. 2012; Pathi et al. 2014; Wei et 
al. 2004). Furthermore, it has been shown that gene therapy that targets the suppression of NF-κB and Sp1 might 
provide a new target for the prevention of inflammatory disease (Lee et al. 2013).  
Insulin, another identified regulator, has been shown to reduce considerable several key mediators of oxidative, 
nitrosative and inflammatory stress and reduce tissue damage induced by LPS (Dandona et al. 2010). Furthermore, it 
has been reported that Insulin suppresses the expression of several TLRs, which are major determinants of the 
inflammatory response to viral and bacterial pathogens, at the transcriptional level. In addition, low-dose insulin 
infusion has been shown to exert a prompt and powerful anti-inflammatory effect (Dandona et al. 2001; Ghanim et 
al. 2008). Insulin has been investigated for its potential use as an anti-inflammatory therapy for endotoxemia 
(Chaudhuri and Umpierrez 2012; Dandona et al. 2010; Ghanim et al. 2008). 
Functional EGF receptors (EGFR, ErbB1/HER-1) on peripheral blood monocytes and monocyte-derived 
macrophages mediate both chemotaxes in monocytes and macrophages and proliferation of macrophages (Lamb et 
al. 2004; Shafi et al. 2010). Moreover, in some studies, EGF has been identified as the specific biomarker for 
inflammation (Centola et al. 2013; Rech et al. 2016).  
The known pro-inflammatory cytokine, interferon-gamma (IFNG) play a complex modulatory role in immune 
defense during microbial infections (Too et al. 2014; Turner et al. 2014). 
The last regulators, MAPK1 and MAPK14, which are members of MAPKs protein kinases, play a central role in 
inflammatory responses and autoimmune diseases. Previous studies have demonstrated that NF-kB and MAPKs were 
activated in LPS-induced mouse mastitis, and more importantly, the inhibitory action of some treatments on the 
activation of NF-kB and MAPKs blocked the up-regulation of pro-inflammatory cytokines (He et al. 2015; Li et al. 
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2013). Another protein kinase, AKT1, which was identified as the key regulator of mastitis in this study, is a member 
of the AKT serine-threonine protein kinase (also known as PKB) family. AKTs family members are activated by PI-
3K and play the key regulatory roles in a host of cellular functions including cell survival, cell proliferation, 
differentiation, and intermediary metabolism (Androulidaki et al. 2009). Previous investigations have revealed that 
Akt1 suppresses acute inflammatory responses and that inhibition of AKT1 may modulate innate immunity and 
inflammation (Androulidaki et al. 2009; Arranz et al. 2012; Di Lorenzo et al. 2009). In addition, Akt1 has been 
identified as a key molecule for the regulation of LPS responsiveness and tolerance. AKT1 can regulate miRNAs 
that control TLR4 and fine-tune SOCS1 expression. As a result, compounds that can systemically inhibit Akt1 may 
be able to be developed as drugs (Androulidaki et al. 2009).  
Seven key targets genes of meta-genes in E. coli mastitis based on Common Targets algorithm listed in Table 2 
including protein kinase, MAPK3, MAPK8 and MAPK14, extracellular protein, MMP2, ligands such as VEGFA and 
IL10 and also mitochondrion membrane protein, BCL2 (refer S3 Table for more details about all relations and 
references). MAP kinases have identified as both key regulator and target in our study and their role in inflammatory 
responses and autoimmune diseases were previously discussed. MAP kinases are one of most ancient signal 
transduction pathways and are widely used throughout evolution in many physiological processes. In mammalian 
species, MAP kinases play important roles in all aspects of immune responses: from the initiation phase of innate 
immunity, to activation of adaptive immunity, and to cell death when immune function is complete. It has been 
shown that MAP kinases are subject to the context of different cell types and different immune responses by 
collaborating with each other or with other signal transduction pathways (Dong et al. 2002). 
Matrix metalloproteinases (MMPs) are a group of zinc-dependent enzymes that regulate extracellular matrix (ECM) 
turnover during both normal physiological processes and under pathological conditions, such as inflammation 
(Papageorgiou and Heymans 2012). Matrix metalloproteinases are able to influence inflammation at multiple levels. 
They can cleave adhesion molecules, which facilitates cell migration through the endothelial cell junction (Endo et 
al. 2003; McGuire et al. 2003). In addition to their ability to facilitate leukocyte migration through the ECM, MMPs, 
produced either by neutrophils (e.g. MMP-2, MMP-3, MMP-9) or macrophages (MMP-2, MMP-9, MMP-12), can 
modulate inflammation by affecting the bioavailability of cytokines and chemokines (Soehnlein et al. 2010). 
Previous studies have revealed that MMP inhibitors can be used as anti-inflammatory drugs (Lee et al. 2004; 
Manicone and McGuire 2008; Papageorgiou and Heymans 2012; Parks et al. 2004). Lymphangiogenesis is an 
important physiological response to inflammatory stimuli. It acts to limit inflammation (Tan et al. 2013). 
Inflammatory lymphangiogenesis is principally driven by vascular endothelial growth factor (VEGF)-A via 
contribution by neutrophils (Tan et al. 2013) and macrophage recruitment (vegfa_2). Understanding how 
inflammatory lymphangiogenesis is regulated has been shown to be essential to develop innovative therapies for 
inflammatory disorders (Tan et al. 2013).  
Interleukin 10 (IL-10), a well-recognized anti-inflammatory cytokine, is produced by lymphocytes, B cells, and 
monocytes (Mizia-Stec et al. 2003). IL-10 has been identified as the appropriate biomarker for inflammation disease 
(Malarstig et al. 2008; Zhang et al. 2015).  
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Another key target identified in our study was BCL2. It is an anti-apoptotic protein, which suppresses activation of 
caspase-1, which reduces production of the caspase-1 substrate interleukin-1b (Bruey et al. 2007; Kobayashi et al. 
2007; Portt et al. 2011). Modulation of the apoptotic machinery, a form of programmed cell death, during viral and 
bacterial infections, is a well-established mechanism that promotes the survival of affected cells (Busca et al. 2009b; 
Song et al. 2014). Anti-apoptotic genes such as Bcl2 family members have been shown to be involved in the survival 
of monocytes/macrophages through enhancing the resistance of macrophages against various apoptotic stimuli. 
Because of the crucial role of macrophages in immunity and innate immunity, regulation of monocyte/macrophage 
lifespan is important in both physiological and pathological processes. Understanding how anti-apoptotic agents 
contribute to the enhanced survival of infected macrophages provides a basis for therapeutic strategies (Busca et al. 
2009a).  
As discussed previously all of the key regulators or key targets introduced by this research have important roles in 
inflammation, immune system or mastitis. The identification of disease-causing genes and their use as biomarkers 
has been shown to improve diagnosis, prognosis, and monitoring of responses to therapy (Lewis 2011; Mohammadi 
et al. 2011).  
 
CONCLUSION 
This study utilized systems biology tools to identify the key regulators and targets by investigating Common Targets 
and Common Regulators algorithms while using the power of meta-analysis to detect differentially expressed genes 
in E. coli mastitis. Complementary information from the reliable source of information such as gene network help us 
to get the better underestanding of functional genomics of genes. Interestingly, all of the key regulators or key 
targets introduced by this research had been shown important roles in inflammation, immune system or mastitis. 
Identification of key genes that underlie complex traits such as susceptibility to mastitis is an opportunity to improve 
the diagnosis and treatment of diseases and provide mechanistic insights into host resistance in an efficient way. 
 
SUPPLEMENTARY MATERIAL 
Online Resource 1. Differentially expressed genes identified after meta-analysis (one-tailed q<0.005). 
Online Resource 2. The details of applying of Common Regulator algorithms on meta-genes (interaction threshold of 
70 which reported by more than 5 references) 
Online Resource 3. The details of applying of Common Target algorithms on meta-genes (interaction threshold of 60 
which reported by more than 5 references) 
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